Cyclin-dependent kinase 5 (Cdk5) is emerging as a neuronal protein kinase involved in multiple aspects of neurotransmission in both post-and presynaptic compartments. Within the reward/motor circuitry of the basal ganglia, Cdk5 regulates dopamine neurotransmission via phosphorylation of the postsynaptic signal transduction pathway integrator, DARPP-32 (dopamine-and cyclic AMP-regulated phosphoprotein, M r 32 000). Cdk5 has also been implicated in regulating various steps in the presynaptic vesicle cycle. Here we report that Cdk5 phosphorylates tyrosine hydroxylase (TH), the key enzyme for synthesis of dopamine. Using phosphopeptide mapping, site-directed mutagenesis, and phosphorylation state-specific antibodies, the site was identified as Ser31, a previously defined extracellular signal-regulated kinases 1/2 (ERK1/2) site. The phosphorylation of Ser31 by Cdk5 versus ERK1/2 was investigated in intact mouse striatal tissue using a pharmacological approach. The results indicated that Cdk5 phosphorylates TH directly and also regulates ERK1/2-dependent phosphorylation of TH through the phosphorylation of mitogen-activated protein kinase kinase 1 (MEK1). Finally, phospho-Ser31 TH levels were increased in dopaminergic neurons of rats trained to chronically self-administer cocaine. These results demonstrate direct and indirect regulation of the phosphorylation state of a Cdk5/ERK1/2 site on TH and suggest a role for these pathways in the neuroadaptive changes associated with chronic cocaine exposure.
Tyrosine hydroxylase (TH), the rate-limiting enzyme in catecholamine biosynthesis, was first shown to be regulated by protein phosphorylation 30 years ago (Morgenroth et al. 1975) . It is a tetrameric 56 kDa mixed-function monooxygenase that is phosphorylated at four serine residues in the N-terminus (Fig. 1a) (Zigmond et al. 1989; Kumer and Vrana 1996; Fitzpatrick 1999) . TH activity is enhanced upon phosphorylation at Ser40 by cAMP-dependent protein kinase (PKA) as well as cGMP-dependent protein kinase (PKG), protein kinase C (PKC) and Ca 2+ -calmodulindependent protein kinase II (CaMKII). Phosphorylation of TH at Ser19 by CaMKII (Campbell et al. 1986 ) has also been associated with increased TH activity (Haycock et al. 1998) . Both Ser40 and Ser19 are phosphorylated by mitogen-activated protein kinase-activated protein (MAP-KAP) kinase 2. TH is also phosphorylated by Cdk1 at Ser8 in cultured cells (Hall et al. 1991) .
Phosphorylation of Ser31 by ERK1/2 has also been suggested to activate TH . Interestingly, phosphorylation of Ser31 in humans may be affected through alternative splicing that results in differences in adjacent amino acid sequences (Sutherland et al. 1993b; Haycock 2002) . Phospho-Ser31 TH levels have been shown to be increased by neuronal depolarization, phorbol esters, and nerve growth factor treatment in rat brain slices (Lindgren et al. 2002) . Clear evidence also exists to suggest that ERK1/2 phosphorylates Ser31 in brain tissue (Lindgren et al. 2002) . However, all basal Ser31 phosphorylation may not be accounted for by ERK1/2. Cdk5 and its specific neuronal activators p35 and p39 are essential to neural progenitor cell migration and contribute to neuronal plasticity and associative learning during adulthood (Fischer et al. 2003) . Cdk5 has been shown to regulate dopamine neurotransmission through phosphorylation of the striatal-enriched dopamine target DARPP-32 (Bibb et al. 1999) , to increase in expression and activity in the striatum in response to chronic cocaine, and to mediate some of the effects of chronic cocaine (Bibb et al. 2001a; Bibb 2003) . Furthermore, Cdk5 has been localized in both post-and presynaptic compartments (Norholm et al. 2003) and is emerging as an important regulator of presynaptic events such as synaptic vesicle endocytosis (Nguyen and Bibb 2003; Tan et al. 2003; Tomizawa et al. 2003; Lee et al. 2004; ).
Here we show that Cdk5 also phosphorylates TH at Ser31 in vitro and in intact striatal tissue. Furthermore, we demonstrate that Cdk5 may modulate this site both directly and indirectly, through the regulation of the MEK1-ERK1/2 pathway. We also show that this site is modulated by chronic self-administration of cocaine in rats, thus raising the possibility that presynaptic regulation of Cdk5 in dopaminergic neuron terminals is an additional mechanism by which this protein kinase may mediate cocaine-induced neural and behavioral plasticity. 
Materials and methods

Materials
All chemicals for solutions were purchased from Sigma, except where indicated. Restriction and DNA modifying enzymes were from New England Biolabs (Beverly, MA, USA). Cloning and expression vectors were from Novagen (Madison, WI, USA). Oligonucleotides were from Integrated DNA Technologies (Coralville, IA, USA). Heparin-Sepharose was from Amersham Pharmacia Biotech (Piscataway, NJ, USA) and glycerol from Invitrogen (Carlsbad, CA, USA). Protease inhibitors and ATP were from Roche (Indianapolis, IN, USA). MAPK, U0126 and roscovitine were from Calbiochem (San Diego, CA, USA).
[c-32 P]ATP was from Perkin Elmer Life Sciences (Boston, MA, USA). Cdk5 and p35 or p25 were coexpressed and purified from Sf9 cultures using baculovirus vectors, as previously described (Saito et al. 2003) . MEK1, in inactive and active form, CaMKII, and calmodulin were from Upstate Biotechnologies (Lake Placid, NY, USA). The catalytic subunit of PKA was purified from bovine heart as previously described (Kaczmarek et al. 1980) . Affinity-purified polyclonal antibodies that selectively detect phospho-Ser19, phospho-Ser31, and phosphoSer40 TH have previously been described (Salvatore et al. 2001) .
Site-directed mutagenesis Site-directed mutagenesis was performed using the Stratagene QuikChange kit, with the oligonucleotides 5¢-ccc agc gcc ccg gcg cca cag ccc aag ggc-3¢ for S8A, and 5¢-gag gct gtc acg gcg caa ggt tca tcg g-3¢ for S31A, the corresponding complementary strand oligos, and Pfu Turbo polymerase. Quick screening for mutated plasmids was carried out by restriction digest. Two plasmids were chosen after restriction screening for complete sequencing and were called pETYHS8A and pETYHS31A. Generation of the S40E TH expression plasmid was previously described (Daubner et al. 1992) .
Bacterial expression and purification of TH The Escherichia coli strain C41(DE3) (Avidis SA, France) was used for the expression of recombinant rat TH. After 6 h of incubation at 37°C, a 25-mL culture of Luria Bertani broth/ ampicillin was used to inoculate 1-L cultures grown at 37°C until the A 600 reached 0.8. The culture temperature was lowered to 30°C and expression was induced with 60 mg of isopropyl-b-D-thiogalactopyranoside (Inalco, Milan) for 15 h. TH was purified as described previously (Ellis et al. 2000) ; in short, the protocol consisted of lysis by sonication, centrifugation to remove cellular debris and unbroken cells, streptomycin sulfate precipitation to remove nucleic acids, ammonium sulfate fractionation and heparinSepharose chromatography. Proteins precipitating between 0 and 45% ammonium sulfate saturation were collected and subjected to chromatography; elution from the heparin column was via NaCl gradient. All steps were performed at 4°C in 50 mM HEPES, pH 7.0 to minimize pH changes upon freezing and thawing. Diethylenetriaminepentaacetic acid was kept in the buffers at a low level (75 lM) to prevent proteolysis without loss of enzymebound iron. Glycerol (10%, final concentration) was added to all buffers. (Fig. 3b) , and 6 pmol of TH was loaded per lane for immunoblots.
In vitro phosphorylation reactions
For assessment of the effects of phosphorylation-mimetic mutations at Ser19 and Ser40 and of TH phosphorylation at Ser40 upon steady-state kinetic constants for Cdk5, 10 lL reactions were conducted in 100 lM ATP, 10 mM MgCl 2 , 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 5-10 lCi [c 32 P]ATP and 2 lM Cdk5 in 25 mM HEPES, pH 7.4 at 30°C. The range of TH concentrations was 1.5 lM to 45 lM. Each 5 min reaction was spotted onto a 1.5 cm disk of phosphocellulose (P81) filter paper. Filters were washed three times for 5 min with 75 mM H 3 PO 4 (250 mL per 10 filters), dehydrated by swirling in acetone, airdried and subjected to scintillation counting. Nanomoles of phosphorylated TH versus [TH] were plotted using Kaleidagraph and the data were fit to the Michaelis-Menten equation (Synergy Software) . TH phosphorylated at Ser40 was obtained by preparative phosphorylation of TH with PKA in a 5 mL reaction containing 80 lM TH, 560 lM ATP, 15 mM MgCl 2 and 200 nM PKA in 37.5 mM HEPES, pH 7.0. After 1 h on ice the PKA concentration was increased to 400 nM and the ATP concentration was increased to 840 lM. The reaction was incubated on ice a further 2 h then loaded onto a monoQ column. The column was washed with 50 mM HEPES, 10% glycerol, pH 7.0, and TH was eluted from the column with a gradient of 0-0.5 M NaCl in the same buffer. The fractions containing TH (eluting at about 0.35 M NaCl) were pooled and dialyzed against 50 mM HEPES, 10% glyercol, pH 7.0. Preparative phosphorylation of TH at Ser40 was confirmed by further incubation of the sample with PKA and [c-32 P]ATP, as described (Sura et al. 2004) . Samples that failed to incorporate radiolabeled ATP were deemed to be completely phosphorylated at Ser40.
For the phosphorylation of MEK1 by Cdk5p/25, either inactive recombinant rabbit MEK1 or active human MEK1 purified from E. coli by Upstate Biotechnology was used. Both had N-terminal glutathione-S-transferase and C-terminal 6· histidine tags. Activation was achieved via coexpression with B-raf and MEKK1. MEK1 at a final concentration of 1.2 lM was incubated with Cdk5/p25 for 60 min using the experimental conditions described above for the reactions with Cdk5. [ 32 P]Phosphate incorporation was assessed by SDS-PAGE and PhosphorImager analysis.
Two-dimensional phosphopeptide map and phosphoamino acid analysis Dry excised gel fragments containing 32 P-labeled phospho-TH were rehydrated in 35% methanol, 15% acetic acid, washed overnight in 50% methanol, dehydrated by SpeedVac and rehydrated/incubated for 20 h at 37°C in 50 mM NH 4 HCO 3 , pH 8.0 containing 75 ng/mL trypsin. Supernatants containing the tryptic digestion products were lyophilized, washed once with H 2 O and once with electrophoresis buffer (10 : 1% acetic acidpyridine), resuspended in electrophoresis buffer, pH 3.5, and 1/10 was set aside for phosphoamino acid analysis. The remainder was spotted onto microcrystalline cellulose TLC plates (Analtech) for electrophoresis in the first dimension. Separation in the second dimension was achieved by TLC in high pyridine buffer containing 25% butanol, 7.5% acetic acid, 30% H 2 O, 37.5% pyridine. A trace amount of phenol red was used as marker. Phosphoamino acid analysis was conducted with the aliquot set aside as has been previously described ).
Immunocytochemistry Male C57BL/6 mice (8 weeks old) were deeply anesthetized with sodium pentobarbital [100 mg/kg body weight, intraperironeally (i.p.)], and perfused quickly through ascending aorta with 4% paraformaldehyde in sodium cacodylate buffer. After 1-h fixation in situ, brains were removed and placed in fixative overnight. Fortymicrometer thick coronal sections were cut using a vibrating blade microtome, VT1000S (Leica Microsystems, Nussloch, Germany). Sections containing the striatum were processed for immunocytochemistry using the free-floating method, as described previously (Fukuda et al. 1996) . Sections were incubated for 7 days at 20°C with a mixture of primary antibodies against DARPP-32 (C25-5a mouse monoclonal antibody; 1 : 20 000 dilution) and TH (Chemicon AB1542 sheep polyclonal antibody; 1 : 500 dilution) in 50 mM Tris-buffered saline containing 0.1% Triton X-100 and 1% BSA, followed by the incubation with fluorescein isothiocyanate-conjugated donkey anti-sheep IgG (1 : 100; Jackson ImmunoResearch, West Grove, PA, USA) and Cy5-conjugated donkey anti-mouse IgG (1 : 200; Jackson ImmunoResearch). Sections were mounted in Vectashield (Vector Laboratories, Burlingame, CA, USA) and examined with a TCS confocal microscope system equipped with a krypton-argon ion laser mounted on a light microscope (DMRE) (Leica Microsystems). Images were acquired separately in each channel to eliminate the possibility of signal bleed-over from one channel to the other.
Regulation of phosphorylation of TH in striatal slices C57BL/6 mouse (8 weeks old) striatal slices were acutely microdissected and treated as described (Nishi et al. 2002) . Following equilibration in oxygenated Kreb's bicarbonate buffer, slices were incubated with roscovitine at indicated concentrations or 40 lM U0126 for 1 h. Where indicated, slices were simultaneously treated with both 40 lM U0126 and 50 lM roscovitine. For treatment of slices with KCl, slices were incubated for 1 h in absence or presence of 50 lM roscovitine, 40 lM U0126 or both for 1 h followed by treatment with 40 mM KCl (final concentration) for 5 min. Control slices were not treated with the inhibitors or KCl. After incubation, slices were transferred to microfuge tubes, snap-frozen in liquid nitrogen and homogenized by sonication in boiling 1% SDS, 50 mM NaF. Equal amounts of protein (as determined by BCA assay, Pierce) from homogenates were subjected to SDS-PAGE and electrophoretic transfer to nitrocellulose membranes. Immunoreactive proteins were detected and quantified using an Odyssey infrared imaging system (LI-COR). The levels of phospho-Ser31 TH were normalized to the relative levels of total TH protein, mean control values defined as 1.0, and data were analyzed statistically by the unpaired Student's t-test, or ANOVA and Newman-Keuls test using Statview.
Cocaine self-administration studies Rats were trained to self-administer intravenous cocaine (1 mg/kg/ infusion) for 10 days as was previously described . Each earned reward was paired with a discrete tone-light cue. During the withdrawal phase (1-90 days), rats were housed in the animal facility and were not given any treatment with the exception of handling 2-3 times each week. Control groups of naive rats (n ¼ 10; weight range 400-500 g) were treated identically. At the designated withdrawal day (1, 30 or 90 days), rats from the different groups were decapitated and the brains were removed, frozen in ) 50°C isopentane, and stored at ) 80°C. Subsequently, bilateral tissue punches of the ventral tegmental area (VTA) were obtained from approximately 1-mm thick coronal sections cut in a Reichert-Jung 2800 Frigocut E cryostat at ) 20°C. Tissue was processed for SDS-PAGE and immunoblotting for phospho-Ser31 and total TH levels as previously described (Jedynak et al. 2002; Lu et al. 2003) . Quantitated data were analyzed by one-way ANOVA on all four groups before normalizing to naive control values. Significance was obtained and this was followed by post hoc analysis using Fisher's PLSD test. All animal experiments were approved by the institutional animal care and research advisory committees of UT Southwestern, Kurume University, and the National Institutes of Health.
Results
Characterization of the phosphorylation of TH by Cdk5 and identification of the site phosphorylated by Cdk5 Cdk1, ERK1/2 and Cdk5 are proline-directed protein kinases that have overlapping consensus substrate site specificities and sometimes share sites of phosphorylation (Bibb et al. 2001b ). TH, which was previously demonstrated to be phosphorylated by both Cdk1 and ERK1/2, was tested as a substrate for Cdk5. Pure Cdk5/p25 (Fig. 1b) as well as Cdk5/ p35 (data not shown) efficiently phosphorylated recombinant TH in vitro. TH was typically phosphorylated to a stoichiometry of 0.35-0.5 mol/mol. The reaction achieved maximal stoichiometry by 60 min.
Phosphoamino acid analysis indicated that Cdk5 phosphorylated TH at a serine residue (Fig. 1c) . Cdk5 is closely related in structure to Cdk1, and the two kinases often share substrate sites in vitro (Bibb et al. 1999; Bibb et al. 2001b) . Therefore, it was considered likely that Ser8 would be the substrate for Cdk5. Site-directed mutagenesis, a proven approach to the identification of phosphorylation sites (Bibb and da Cruz e Silva 1996) , was used to generate a S8A form of TH. However, the S8A site-directed mutant form of TH was found to be an equally efficient substrate for Cdk5 in comparison to the wild-type form (data not shown), eliminating Ser8 as a possible site of phosphorylation. Sequence analysis indicated that there are five potential sites for serine phosphorylation by proline-directed kinases (Fig. 1a) . One of these is the previously defined ERK1/2 site, Ser31. To further characterize the phosphorylation of TH by Cdk5 and to evaluate the possibility that the Cdk5-dependent phosphorylation also occurred at the ERK1/2 site, tryptic phosphopeptide maps of TH phosphorylated by PKA, CaMKII, MAPK and Cdk5 were generated (Fig. 1c) . The maps generated from TH phosphorylated by the four kinases were somewhat similar, suggesting that all the sites of phosphorylation were located closely within the primary structure of the protein, and that the digestion with trypsin was incomplete. However, the maps of TH phosphorylated by Cdk5 and MAPK were the most similar, suggesting that they both phosphorylated the same site.
Because the site of TH phosphorylation by MAPK has been demonstrated to be Ser31, this residue was next targeted for site-directed mutagenesis. Mutation of Ser31 to Ala prevented Cdk5 from phosphorylating TH (Fig. 2a) . To further evaluate the possibility that the site of phosphorylation by Cdk5 was Ser31, immunoblot analyses were conducted using the phosphorylation state-specific antibody to this site (Fig. 2b) . The phospho-Ser31 antibody detected TH phosphorylated in vitro by either MAPK or Cdk5, but not TH that was phosphorylated by PKA. In contrast the phospho-Ser40 antibody detected TH phosphorylated by PKA (Fig. 2b ). These results demonstrate that the site at which Cdk5 phosphorylates TH is Ser31.
Characterization of the intramolecular effects of phosphorylation of TH at different sites It has been suggested that phosphorylation at Ser19 enhances phosphorylation at Ser40 (Bevilaqua et al. 2001) . However, the effects of phosphorylation at one site on TH upon subsequent phosphorylations at different sites have not been further evaluated. Kinetic analyses were performed (Fig. 3) and the V/K-value, a steady-state kinetic parameter indicating substrate specificity, for phosphorylation of wild-type TH by Cdk5 was found to be 280 ± 8 mM/min. The V/K-value for the phosphorylation of TH by ERK2 has recently been reported to be 519 ± 6 mM/min (Royo et al. 2004) . Furthermore, the V/ K-value for human TH phosphorylated by PKA is also similar, having a value of 380 mM/min (Almas et al. 1992) . The kinetic parameters for phosphorylation of phospho-Ser40 TH, the phospho-mimetic mutants S40E and S19E, and a form of TH in which both Ser19 was mutated to Glu and Ser40 was preparatively phosphorylated (S19E/P-S40) were also defined. The V max and K M values for dephospho-wild-type TH as a substrate of Cdk5 could not be determined due to the high concentration of substrate required for saturation, and a lower limit of 225 lM, or five times the maximum concentration of TH (45 lM) was set for the K M value. Mutation of serines at 19 or 40 to Glu, as well as PKA-dependent preparative phosphorylation at Ser40 did not affect the V/K-values. In contrast the V/K-value for S19E/P-S40 TH was 490 ± 50 mM/min, suggesting that the substrate specificity of Cdk5-dependent phosphorylation was increased by the presence of negative charges at both of these residues. In addition, phospho-Ser40, S40E and S19E/P-S40, all of which contain negative charges at amino acid 40, exhibited K M values at least fivefold lower than that of the dephospho-wild-type form of TH. Because of the increased binding efficiency of the phosphorylation reactions using these substrates, V max values were also defined for phospho-Ser40, S40E, and S19E/P-S40. Interestingly, the V max value for S19E/P-S40 TH (18.8 ± 4.5 min )1 ) was significantly higher than that for phospho-Ser40 (8.5 ± 1.6 min )1 ), indicating that the higher V/K-value for this form of TH was due to an increase in the catalytic efficiency with which Cdk5 phosphorylated TH when a negative charge was present at amino acid 19, in addition to phosphorylation at Ser40.
Phosphorylation of TH by Cdk5 in intact striatal tissue and interactions between ERK 1/2 and Cdk5 pathways
A number of studies indicate that Cdk5 is present both in the postsynaptic and presynaptic compartments (Tomizawa et al. 2002; Norholm et al. 2003) . In captured laser-scanning, confocal, microscope images of mouse striatal tissue (Fig. 4a ) that were costained for TH (red) and the striatalspecific postsynaptic Cdk5 substrate DARPP-32 (green), TH localized exclusively to the presynaptic compartment of striato-nigral dopaminergic synapses, and no colocalization with DARPP-32 was detected. To determine if Cdk5 catalyzes the phosphorylation of Ser31 TH within this compartment, striatal slices from mouse brain were treated with various concentrations of the selective Cdk5 inhibitor roscovitine. Homogenates from these slices were analyzed by immunoblotting for phospho-Ser31 and total TH levels (Fig. 4b) . A low concentration of roscovitine (5 lM) caused a small (5.1 ± 0.1%) but significant increase in phosho-Ser31 levels. No effect was observed using 10 lM roscovitine while higher concentrations of 25 and 50 lM caused reductions to 88.2 ± 0.5% and 86.5 ± 0.3%, respectively, in basal phospho-Ser31 levels. In an effort to determine the relative contributions of ERK1/2 and Cdk5 to the basal level of phosphorylation of Ser31 TH, striatal slices were treated with 50 lM roscovitine, 40 lM U0126 (a selective inhibitor of ERK1/2-activating kinase MEK1) or both (Fig. 5a,b) . Roscovitine treatment caused a reduction in phospho-Ser31 to 86.1 ± 0.4% of basal levels. Treatment with U0126 caused a reduction to 58.1 ± 0.1%, similar to that previously reported using a different MAPK inhibitor, PD98059 (Lindgren et al. 2002) . Treatment with both compounds caused a reduction in phospho-Ser31 levels to 32.5 ± 0.4%.
While these results indicate that both Cdk5 and MAPK phosphorylate TH in intact brain tissue, the responses to Cdk5 inhibition were less than that observed for other postsynaptic substrate sites phosphorylated exclusively by Cdk5 (Bibb et al. 1999; Bibb et al. 2001b) . It has previously been suggested that MEK1 serves as a substrate of Cdk5 and that this phosphorylation inhibits the ability of MEK1 to activate ERK1/2 (Sharma et al. 2002) . To evaluate the possibility that inhibiting Cdk5 caused a concomitant activation of ERK1/2 while reducing Cdk5-dependent phosphorylation of TH, the phosphorylation states of phospho-Thr202/phospho-Tyr-204 ERK1/2 were evaluated in the same homogenates (Fig. 5b) . Inhibition of Cdk5 by roscovitine treatment of slices caused a 40 ± 10% increase in the phosphorylation state of ERK1 and a 102 ± 9% increase in the phosphorylation state of ERK2. In contrast, treatment of slices with U0126 caused 70 ± 4 and 89 ± 3% reductions in phospho-ERK1 and phospho-ERK2 levels, respectively. Slices treated with both roscovitine and U0126 exhibited levels of reduction similar to slices treated with U0126 alone.
To further evaluate the possibility that Cdk5 regulates ERK1/2 activity, in vitro phosphorylation reactions were conducted using MEK1 as a substrate (Fig. 5c ). Cdk5/p25 was found to phosphorylate both inactive and active forms of recombinant MEK1. No phosphate incorporation was observed in the absence of active Cdk5. Taken together, these results indicate Cdk5 directly phosphorylates TH at Ser31 and also controls the phosphorylation of this site indirectly through the regulation of the MEK1-ERK1/2 pathway.
Stimuli such as membrane depolarization caused by treatment of slices with KCl have been shown to activate (increase phosphorylation) ERK1/2 via MEK-dependent phosphorylation and to increase Ser31 phosphorylation (Lindgren et al. 2002) . Thus, the relative contributions of Cdk5 and ERK1/2 to the basal state of phosphorylation of TH at Ser31 and their respective roles in membrane depolarization-dependent responses were evaluated. Slices were treated with either roscovitine or U0126, or both followed by a 5-min treatment with KCl (Fig. 6) . Treatment of slices with KCl alone caused a 27 ± 8% increase in the Fig. 5 Cdk5 both directly phosphorylates Ser31 TH in striatum and regulates its phosphorylation at the same site by ERK1/2. (a) Effect of Cdk5 and MEK1 inhibitors on phospho-Ser31. Striatal slices were incubated for 60 min with roscovitine (Ros), the MEK1 inhibitor U0126 or both. Homogenates were immunoblotted for phospho-Ser31 or total TH. Quantitation of multiple experiments is shown. *p ¼ 0.0069 versus control, **p < 0.001 versus control, p < 0.02 versus roscovitine, §p < 0.04 versus U0126, Student's unpaired t-test, n ¼ 4-6. (b) Effects of Cdk5 and MEK1 inhibitors on the phosphorylation states of ERK1 and 2. The same membrane used in (a) was also blotted for phospho-Thr202/ phospho-Tyr204 levels and total ERK2. ERK1 was not detectable with the total ERK antibody. *p < 0.05 versus control, p < 0.05 versus P-ERK1, Student's unpaired t-test, n ¼ 4. (c) Phosphorylation of MEK1 by Cdk5 in vitro. Either inactive or active MEK1 was phosphorylated by Cdk5 or incubated in the absence of Cdk5 for 60 min and reaction mixtures were subjected to SDS-PAGE, the gel was Coomassie stained, and the radiographic image was derived using a PhosphorImager.
levels of phospho-Ser31 TH compared with untreated controls. As expected, this KCl treatment also elicited increases of 175 ± 8 and 43 ± 3% in the levels of phospho-ERK2 and phospho-ERK1, respectively. The KClinduced increase in phospho-Ser31 was attenuated to 111 ± 6% in slices preincubated in the presence of roscovitine. The level of phospho-Ser31 in roscovitine-treated slices stimulated by KCl was significantly lower than that detected in slices treated with KCl alone and statistically indistinguishable from the basal level in control slices. Furthermore, phospho-Ser31 levels were reduced to 64 ± 3% of control levels in slices treated with U0126 prior to KCl stimulation. This reduction was significantly enhanced to 41 ± 2% in slices treated with both roscovitine and U0126 prior to KCl treatment. Roscovitine had virtually no additional effect on the phosphorylation levels of ERK1/2 compared to KCl treatment alone. Treatment of the slices with U0126 or U0126 plus roscovitine prior to incubation with KCl, lowered phospho-ERK1/2 to almost undetectable levels. These results confirm that KCl-induced depolarization causes an increase in phospho-Ser31 levels. This increase correlated with a large increase in phospho-ERK1/2 levels. While roscovitine reduced the response to stimulation by KCl, this reduction was approximately the same as the reduction in basal levels produced by roscovitine. Therefore, it is unlikely that Cdk5 mediates any of the increase in phospho-Ser31 levels in response KCl-induced depolarization.
Effect of cocaine self-administration on phospho-Ser31 levels in rat dopaminergic neurons Cdk5 levels have been shown to increase in response to chronic exposure to cocaine in rats, and it has been suggested that Cdk5 mediates some of the behavioral effects of chronic cocaine through regulation of postsynaptic signaling pathways in dopaminoceptive neurons (Bibb et al. 2001a) . The findings reported here raise the interesting possibility that Cdk5 may also be involved in the presynaptic regulation of TH associated with animal paradigms of cocaine addiction. Hope and colleagues have shown Cdk5 levels are increased in dopaminergic neurons of rats trained to chronically selfadminister cocaine for 10 days . The level of phospho-Ser31 TH was evaluated in VTA tissue lysates from these animals at 1, 30 and 90 days after withdrawal following cocaine self-administration (Fig. 7) . PhosphoSer31 levels were increased 90 ± 40% following 1 day of withdrawal. A trend toward increased levels (140 ± 20%) was observed, although not significant statistically, after 30 days withdrawal. Phospho-Ser31 returned to levels indistinguishable from that of naive control animals by 90 days. These results suggest that phospho-Ser31 TH levels are modulated by chronic self-administration of cocaine, and that the increase in levels may persist for substantial periods of time following cocaine exposure. Because the increase in phospho-Ser31 levels corresponds to the previously observed increase in Cdk5 levels, it is possible that this effect is the result of Cdk5-dependent phosphorylation of TH. In support of this, no effect of cocaine self-administration was observed for phospho-or total ERK1/2 levels in the same lysates, as determined by immunoblots (data not shown).
Discussion
We report here that Cdk5 efficiently phosphorylates TH at Ser31. It has been shown that while ERK1/2 predominantly Fig. 6 The effect of KCl-induced membrane depolarization on TH Ser31 and ERK1/2 phosphorylation. Striatal slices were treated with roscovitine and/or U0126, followed by treatment with 40 mM KCl for 5 min. (a) Striatal slice homogenates were immunoblotted for phospho-Ser31 and total TH. Quantitation of multiple experiments is shown. *p < 0.001 versus control, p < 0.05, p < 0.01 versus KCl, §p < 0.001 versus KCl + U0126, ANOVA and Newman-Keuls test, n ¼4. (b) Homogenates were immunoblotted for phospho-ERK1/2 and total ERK2. The ERK2 protein band appears as a doublet in two of the lanes in the total ERK2 blot, where ERK2 was highly activated by KCl. *p < 0.001 versus controls, ANOVA and Newman-Keuls test, n ¼ 4.
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phosphorylates Ser31, it also is capable of contributing to the phosphorylation of Ser8, another proline-directed protein kinase site in vitro (Royo et al. 2004) . Cdk5 would appear to specifically phosphorylate only Ser31, as mutation of Ser8 to Ala had no effect on Cdk5-dependent phosphorylation while mutation of Ser31 to Ala effectively eliminated phosphate incorporation.
Phosphorylation of TH by Cdk5 occurs with similar kinetic parameters to the phosphorylation of this site by ERK1/2 as well as the phosphorylation of Ser40 by PKA in vitro. Although TH was not phosphorylated stoichiometrically by Cdk5, similar results have been observed for ERK1/2 Sutherland et al. 1993a; Halloran and Vulliet 1994) , as well as CaMKII and PKC (Funakoshi et al. 1991) . In contrast PKA reactions generally are capable of achieving a stoichiometry of 1 mol/mol. While TH was readily phosphorylated by Cdk5 in vitro, the reaction did not achieve a maximal rate at concentrations of dephospho-wild-type TH well above the physiological range. Similar results have also been observed with ERK2 (Royo et al. 2004 ) and MAPKAP2 (Sutherland et al. 1993a) . Interestingly, the addition of a negative charge, either via PKA-dependent preparative phosphorylation or site-directed phospho-mimetic mutation enhanced the binding efficiency of the Cdk5-dependent reaction such that saturation was achieved within the physiological range of TH concentration. Furthermore, while mutation of Ser19, to Glu had no effect on binding efficiency, PKA-dependent preparative phosphorylation of S19E TH caused an increase in the catalytic efficiency of the Cdk5-dependent reaction. Thus it is possible that phosphorylation at Ser40 by the first messenger-responsive protein kinases (e.g. PKA, PKG, PKC and CaMKII) may convert TH into a better substrate for Cdk5 in dopaminergic neurons. Moreover, an additional phosphorylation at Ser19 by CaMKII or MAPKAP kinase 2 may serve to further increase the rate at which Cdk5 converts TH into its triply phosphorylated form.
Inhibition of MEK1 by U0126 effectively eliminated phosphorylation of ERK1 and 2, while phospho-Ser31 TH was only reduced to half the level observed in untreated slices. If ERK1/2 and Cdk5 were the only two protein kinases targeting this site, it might be expected that inhibition of Cdk5 by roscovitine would result in a 50% reduction in phospho-Ser31. However, Cdk5 inhibition produced a much smaller reduction and, moreover, phospho-Ser31 could still be detected after treatment with both Cdk5 and MEK1 inhibitors. These observations could result from residual phospho-Ser31 that was not dephosphorylated during the time-course of the experiment or from inefficient inhibition of either or both kinases. It is also feasible that another, as yet unidentified, proline-directed kinase phosphorylates Ser31.
If Cdk5 and ERK1/2 are the only kinases involved, another possible explanation for the smaller effect of roscovitine alone is that cross-talk occurs between Cdk5 and ERK1/2 pathways. It has been suggested that Cdk5 phosphorylates MEK1, thereby inhibiting ERK1/2 activation (Sharma et al. 2002) . In support of this mechanism, treatment of striatal tissue with roscovitine not only reduced phospho-Ser31 levels less than expected, but also activated ERK1/2. In further support of this pathway, both inactive and active MEK1 were found to serve as substrates for Cdk5 derived from eukaryotic cells. This result would appear to be in contrast to the earlier report that suggested that inactivated MEK1 did not serve as a substrate for recombinant Cdk5 derived from bacteria (Sharma et al. 2002) .
Various methods of cell stimulation such as KCl-mediated membrane depolarization have previously been shown to increase phospho-Ser31 levels, and this has been attributed to the corresponding activation of ERK1/2 (Lindgren et al. 2002) . Cdk5 phosphorylates dephosphins, which are involved in synaptic vesicle recycling and are dephosphorylated in response to membrane depolarization (Nguyen and Bibb 2003) . However, Cdk5 has not been reported to be activated by membrane depolarization. Indeed, comparison of the effects of roscovitine on basal versus KCl-stimulated levels of phospho-Ser31 TH does not suggest that Cdk5 is activated to phosphorylate TH in response to membrane depolarization. Taken together, these neuropharmacological and biochemical studies suggest a complex regulatory scheme in which Cdk5 contributes to phospho-Ser31 levels through direct phosphorylation and indirectly via regulation of the MEK-ERK1/2 pathway.
Cocaine-induced regulation of TH has been well documented both in VTA dopamine neurons and in dopamine terminals in the nucleus accumbens (Trulson and Ulissey 1987; Beitner-Johnson and Nestler 1991; Sorg et al. 1993; Vrana et al. 1993; Masserano et al. 1996; . The effects of cocaine on TH activity would appear to depend upon the administration regimen and withdrawal Fig. 7 Effect of cocaine self-administration on phospho-Ser31 TH levels following withdrawal. Mean (± SEM) percentage change from naïve rats at each withdrawal period. *p ¼ 0.04, one-way ANOVA (n ¼ 6-8).
time. Acute cocaine inhibits dopamine synthesis in a dosedependent manner via a putative negative feedback mechanism. Furthermore, acute dosage of cocaine (up to 30 mg/ kg) was shown to cause a decrease in phospho-Ser19, 31 and 40 levels in the nucleus accumbens that corresponded with reduced L-DOPA production (Jedynak et al. 2002) . Here we show that chronic cocaine self-administration causes an increase in phospho-Ser31 levels in dopaminergic neurons which corresponded to an increase in Cdk5 levels detected in the same tissue samples . The novel signaling events reported here provide additional mechanisms by which Cdk5 may modulate dopamine neurotransmission, and may have important implications to drug addiction and other aspects of dopamine neurobiology.
